We performed photometric calibration of the PhotoMultiplier Tube (PMT) and readout electronics used for the new fluorescence detectors of the Telescope Array (TA) experiment using Rayleigh scattered photons from a pulsed nitrogen laser beam. The experimental setup, measurement procedure, and
47
For the new telescopes at BRM and LR, we calibrated a combination 48 of PMT and readout electronics using a pulsed UV light source developed 49 specially for this purpose. This system is composed of a pulsed nitrogen 50 laser and a gas-filled chamber in which laser photons are scattered by the 51 gas molecules and detected by a PMT to be calibrated. We call it CRAYS
52
(Calibration using RAYleigh Scattering). In this paper, we describe the 
FD Camera and its Calibration

56
A photograph of the PMT assembly used for the FD camera is shown in 
Scattering Chamber
131
The cylindrical scattering chamber has a diameter of 500 mm. The inner 132 surface is anodized in black, and the inner wall is coated with non-reflective 133 black paper to suppress stray light. The chamber was evacuated to ∼3 hPa 134 using a membrane vacuum pump (DAU-100, ULVAC, Inc.) before introduc-
135
ing the high purity scatterer gas. The differential pressure of the chamber 136 with respect to the atmospheric pressure was monitored by a capacitance 137 manometer (BOC EDWARDS, Barocel 600AB) and the temperature inside 138 the chamber was measured by a thermister thermometer.
139
The PMT to be calibrated was installed just outside the chamber, as
140
shown in Figure 4 . The distance from the center of the chamber to the PMT 141 glass window was set to 312 mm. The PMT detects photons scattered by the 142 gas molecules near the center of the chamber at a scattering angle (θ) of 90
• .
143
The aperture of the PMT is limited by a slit (width 38.9 mm; height 10 mm) 144 located 37.5 mm away from the beam line. The aperture is further limited 145 by a removable mask installed 7 mm in front of the PMT glass window.
146
Masks having a hole of 20.0 mm and 36.0 mm in diameter exposed only 147 the central part of the PMT window where the uniformity is expected to be 148 good. All chamber windows are made of CaF 2 with anti-reflection coating.
149
A transmittance greater than 99% for λ = 337 nm was measured by the 150 manufacturer. 
Electronics and DAQ
152
We used the same data acquisition electronics and cables used at the TA 153 sites as much as possible with the exception of the high voltage power supply 154 of the PMT. We verified the applied HVs were the same at the CRAYS 155 calibration and at the TA sites, using a reference resistor and a digital multi-156 meter. Data acquisition was controlled using a PC that generated a trigger 157 for the laser. The synchronization output of the laser was fed to the energy 158 probes, and the energy readings of each laser shot were recorded by the PC.
159
The pressure and the temperature of the chamber were also recorded for each 160 calibration run.
161
The waveform output from the PMT was transmitted to the digitizer 162 module (SDF) installed in a VME crate. probes at different rotation angles. In Figure 6 , the relative intensity of the Next, the amount of the scattered photons and the PMT responses were 182 measured by changing the pressure of the gas between 3 and 1013 hPa.
183
The integration of the FADC signal and the pedestal subtraction were done 
where an amplitude A, a background B, and a phase φ 0 are free parameters,
208
and a depolarization ratio, ρ 0 , is introduced as a constant of 0.022 (Section 8).
209
We obtained A = 980.1, B = 8.1, φ 0 = −89.2 • with χ 2 /NDF = 22.9/16.
210
The minimum value at φ = −φ 0 is 3.0 % of the maximum value, which is 211 attributed to a depolarization effect of diatomic nitrogen gas (2.2 %) and the 212 unpolarized background (0.8%).
213
Calibration Procedure
214
We calibrated a total of 75 PMT assemblies with CRAYS. The procedure 215 is listed below. 
242
The temperature in the laboratory where the CRAYS setup was installed 243 was maintained at 25 ± 1 • C during the measurement, and the absolute at- 
Photon Acceptance
248
The cross-section of Rayleigh scattering in nitrogen gas at λ = 337.1 nm 249 is given by the expression (Section 8.1)
The molecular density N of the scatterers can be determined from the equa-251 tion of state for the ideal gas,
where P is the pressure, V is the volume, T is the temperature 
260
We performed ray tracing of Rayleigh scattered photons in the chamber in 
264
The generated photons were allowed to enter the PMT directly or with one 265 scattering on a chamber element such as the inner wall or the baffles. The
266
shadow of the YAP embedded in the BG3 filter was also taken into account.
267
The ray tracing MC simulation showed that the average number of pho-
268
tons that reached the PMT window was 823 for nitrogen gas at 1000 hPa scattering on the chamber wall was also tested to be negligible. 
Waveform Integration
286
A typical digitized PMT waveform is shown in Figure 9 . A time interval energy (normalized to the average energy).
298
The signal resolution defined by σ/peak of the distribution is 8.5%, which 
310
The following set of parameters were obtained for each calibrated PMT. 
Rayleigh Scattering Cross-Section
336
The total Rayleigh scattering cross-section σ R for a single molecule is
337
given by (e.g.
where ν is the wavenumber [1/wavelength] , N is the molecular density, n ν is 339 the refractive index, and F K (ν) is the King correction factor accounting for 
where ν is in [1/cm] . This is also shown in Figure 13 , together with the 
358
The empirical formulae for n ν of nitrogen and argon well fit the data in 
372
Using the n ν and F K (ν) values described above, we obtained the total 
We used these cross-sections in our ray-tracing simulation of scattered laser 376 photons in the CRAYS chamber (equation (3)). The accuracies of σ R (N 2 ) 377 and σ R (Ar) which come from uncertainties in n ν and F K (for nitrogen) are 378 1% and 0.3%, respectively (see also [15] ).
379
The argon to nitrogen ratio is σ R (Ar)/σ R (N 2 ) = 0.858. The ratio that is no evidence of non-validity of (5) gas.
417
The differential cross-section, dσ R /dΩ, for diatomic molecules such as 
437
In summary, for the systematic uncertainty of Rayleigh scattering cross-438 section, we have ±1.0, + 1.1, ± 1.4% from σ R , dσ R /dΩ and the polarization.
439
We evaluate a total systematic uncertainty of 2.8%, taking a quadratic sum 440 for two ± uncertainties and adding +1.1% uncertainty linearly.
441
The molecular density of the scatterer gas is calculated from the temper-442 ature (T) and the pressure (P) of the gas inside the CRAYS chamber. We 
448
The largest contribution to the systematic uncertainty comes from the 449 absolute calibration of the energy probe [40] . The manufacturer calibrated 450 the probes with an absolute accuracy of 5% using NIST traceable standards.
451
We used two Rjp-465 probes and the results were well within the quoted tering chamber. We estimated a total uncertainty of the acceptance to be 457 3.0%.
458 Table 1 : Systematic uncertainties of the CRAYS calibration.
Error
Cross-section (σ R , dσ R /dΩ and polarization) 2.8%
Molecular density (T and P) 1.3%
Measurement of laser energy 5.0%
Geometric aperture calculation 3.0%
Signal integration (Σ ADC ) 2.0%
Background and noise subtraction (Σ ADC ) 1.9%
Effect of geomagnetism 1.0%
Total (quadratic sum of above) 7.2%
The uncertainty of Σ ADC is estimated as 2.0 % from the signal integration 
469
All added in quadrature, we determined that the total systematic uncer- result is plotted in Figure 15 as the ratio of the two YAP measurements.
484
Only one PMT showed a large deviation of 0.85, which is attributable to a A fit to the Gaussian is shown in the dashed line (peak = 0.999, σ=0.037).
